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a b s t r a c t
Aging impacts on our ability to perform goal-directed aiming move-
ments. Older adults generallymake slower and shorter initial impulses
towards the end target, and therefore require more time for correc-
tions in thefinalmovement stage. Recent studieshowever suggest that
a physically active lifestyle may attenuate these age-related changes.
Also, it remains unclear whether eye-movement control exhibits a
similar pattern of adaptation in older adults. Therefore, the first aim
of this studywas todescribehowage andphysical activity level impact
eye–hand coordination during discrete manual aiming. Young and
older participants were divided into physically active and sedentary
subgroups, and performed discrete aiming movements while hand
and eye movements were recorded. Secondly, to determine whether
older adults depend more on vision during aiming, the task was
repeatedwithout visual feedback. The results revealed that the typical
age-related hand movement adaptations were not only observed in
older, but also in sedentary young participants. Older and sedentary
young participants also spent more hand movement time after the
eyes fixated the end target. This finding does not necessarily reflect
an augmented reliance on vision, as all groups showed similar aiming
errorswhen visual feedbackwas removed. In conclusion, both age and
physical activity level clearly impacted eye–hand coordination during
discrete manual aiming. This adapted coordination pattern seems to
be caused by other factors than an increased reliance on vision.
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1. Introduction
According to the multiple-process model of limb control (Elliott et al., 2010) manual aiming move-
ments such as pressing a light button or picking up a glass of wine consist of two consecutive phases:
a primary submovement and a homing-in phase. The primary submovement corresponds to the initial
pulse towards the vicinity of target. Although this pre-programmed movement phase is traditionally
associated with open-loop control (Woodworth, 1899), recent work has shown that subtle movement
trajectory corrections can already occur during the primary submovement (i.e., impulse control; see
also Khan et al., 2006 and Saunders & Knill, 2003). Still, the main body of closed-loop control occurs
during the homing-in phase: here, proprioceptive and visual feedback is used to correct for any spatial
discrepancy between hand and target positions (i.e., limb-target control). Previous research has shown
that primary submovements generally undershoot the target to allow corrections in the same direc-
tion as the initial pulse (Elliott, Helsen, & Chua, 2001; Engelbrecht, Berthier, & O’Sullivan, 2003;
Heath, 2005; Helsen, Elliott, Starkes, & Ricker, 1998). This type of correction entails lower energy-costs
than correcting for target overshoots, as reversals involve overcoming the inertia of a zero-velocity sit-
uation and the limb traveling a greater total distance (Elliott, Hansen, Mendoza, & Tremblay, 2004;
Elliott et al., 2010; Welsh, Higgins, & Elliott, 2007).
Interestingly, by slowing down their primary submovement, older adults tend to undershoot the
target to an even greater extent than young controls (Ketcham, Seidler, Van Gemmert, & Stelmach,
2002; Poston, Van Gemmert, Barduson, & Stelmach, 2009; Pratt, Chasteen, & Abrams, 1994). As a
result, they travel a larger distance in the homing-in phase and consequently need more time to com-
plete feedback-based adjustments (Boisseau, Scherzer, & Cohen, 2002; Ketcham et al., 2002; Lyons,
Elliott, Swanson, & Chua, 1996). This results in overall greater movement times. Older adults thus
spend relatively more time on the homing-in phase, suggesting an increased reliance on limb-target
control (Coats & Wann, 2011; Seidler-Dobrin & Stelmach, 1998).
Though the majority of studies consistently found the abovementioned age-related changes, there
are some exceptions. For instance, Lyons et al. (1996) reported no differences between young and
older adults’ movement times, accuracy levels, and primary submovement trajectories. To explain
these unexpected results, the possible influence of a physically active lifestyle was raised. Recently,
our lab found support for this statement: When comparing manual aiming kinematics of physically
active and sedentary older adults, the typical age-related movement adaptations were observed only
in sedentary older adults, but not in physically active ones (Van Halewyck, Lavrysen, Levin, Elliott, &
Helsen, in press). Though this study focused mainly on cyclical aiming, its outcome suggests that a
physically active lifestyle might counteract the mechanism(s) underlying the age-related alterations
of aiming movements. More specifically, high levels of physical activity have already shown to atten-
uate age effects playing a key role in manual aiming such as sarcopenia (DiPietro, 2001) and the grad-
ual decline in proprioceptive acuity (Wright, Adamo, & Brown, 2011). The level of physical activity
should therefore be considered as a possible mediating factor when studying manual aiming in older
participants.
Given the role visual feedback plays in limb regulation, it is surprising that most investigators have
neglected to examine eye movements. Ocular motor literature has shown that the neuromuscular sys-
tem underlying eye movements is only slightly affected or even spared by the aging process (Kadota &
Gomi, 2010; Pratt, Dodd, & Welsh, 2006; Yang & Kapoula, 2006), as evidenced by equal movement
times, movement speeds and saccadic amplitudes during volitional saccades among young and older
adults (Pratt et al., 2006). However, recent work suggests older adults’ eye-movement control might
be compromised during manual aiming: Similar to the hand, older adults tend to make hypometric
primary saccades followed by more corrective eye movements during two-segment aiming
movements (Rand & Stelmach, 2011b; Rand & Stelmach, 2012). Remarkably, whether older adults’
eye-movement control is also modified during one-segment aiming movements has not been studied
to date.
Taken together, it remains unclear how both age and physical activity level impact on eye–hand
coordination during discrete (one-segment) aiming movements. To address this question, young
and older participants were divided in an active and sedentary subsample. Participants were asked
to hit a small target as quickly and accurately as possible with a cursor controlled by wrist movements
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(discrete single-joint aiming). Hand- and eye-movement kinematics and coordination were compared
between the four groups. In line with the suggestion of Lyons et al. (1996) and our results in cyclical
aiming (Van Halewyck et al., in press), a physically active lifestyle was expected to reduce the tradi-
tional age differences in discrete manual aiming. Also, based on the findings in two-segment aiming
(Rand & Stelmach, 2011b; Rand & Stelmach, 2012) saccadic behavior was expected to adapt to the
hand movement in all groups. This would, for instance, be reflected by relatively small primary sub-
movements being accompanied by relatively small primary saccades.
The second aim of the study was to determine whether older adults indeed rely more on limb-tar-
get control during the execution of manual aiming movements. As limb-target control is based on both
proprioceptive and visual feedback of the hand position, it should be underlined that proprioceptive
acuity generally deteriorates with age (Wright et al., 2011), especially in challenging conditions
(Boisgontier, Olivier, Chenu, & Nougier, 2012). Several investigators have suggested that visual feed-
back becomes increasingly important during older adults’ aiming movements (Coats & Wann, 2011;
Rand & Stelmach, 2011a; Terrier et al., 2011; Yan, Thomas, & Stelmach, 1998). To investigate this spe-
cific issue, the previously described task was also executed without visual feedback of the cursor. Con-
sistent with the theory of an increased reliance on vision, the withdrawal of visual feedback was
hypothesized to affect the aiming accuracy of older adults more than in the young.
2. Methods
2.1. Participants
Twenty-two young and 24 older adults participated in the study on a voluntary basis. All partici-
pants had normal or corrected-to-normal vision, and were right-handed as they scored 50 or more on
the Edinburgh Handedness Inventory (Oldfield, 1971). Older adults nevertheless reported a slightly
greater right hand preference than young adults (see Table 1 for general characteristics of all groups).
Fine motor skills were considered intact, as all participants met the age- and gender-dependent crite-
ria for the Nine Hole Pegboard Test (NHPT; Mathiowetz, Volland, Kashman, & Weber, 1985; Oxford
Grice et al., 2003). To rule out participants with dementia or other anomalies in cognitive functioning,
a Mini-Mental State Examination (MMSE) was administered to the older adults. The minimum score
for inclusion was set at 28 out of 30, which all achieved. Within both age groups, participants were
subdivided based on their physical activity level in daily life as assessed by the Baecke questionnaire
(Baecke, Burema, & Frijters, 1982; Voorrips, Ravelli, Dongelmans, Deurenberg, & Van Staveren, 1991).
Participants scoring higher than the median Baecke score (respectively 8.1 and 8.4 for young and older
adults) were considered physically active, whereas participants scoring lower than the median score
were considered sedentary. This subdivision resulted in four groups: physically active young adults
Table 1
Participant Characteristics.
Characteristic Young Old Significant effect?
ACT SED ACT SED
n 11 11 12 12 /
Male/female 6/5 6/5 5/7 4/8 /
Age (in years) 22.9 ± 0.5 22.0 ± 0.6 65.1 ± 0.9 65.3 ± 1.1 AGE
Baecke score 9.7 ± 0.3 6.7 ± 0.3 9.3 ± 0.2 6.9 ± 0.3 PAL
Oldfield score 79.0 ± 4.6 74.0 ± 5.0 90.3 ± 4.1 89.6 ± 3.4 AGE
NHPT 16.0 ± 0.4 16.4 ± 0.6 19.9 ± 0.6 19.0 ± 0.8 AGE
MMSE score / / 29.0 ± 0.3 29.6 ± 0.2 /
Note: Results are presented as mean ± SEM when appropriate. Since these data could not be considered parametric, a Mann–
Whitney U test was performed to calculate group differences. High Baecke scores indicate a physically active lifestyle, low
Baecke scores a sedentary one; Oldfield scores indicate handedness (!100: extremely left-handed, +100: extremely right-
handed). Abbreviations: NHPT = Nine Hole Pegboard Test; MMSE = Mini Mental State Examination; ACT = active subsample;
SED = sedentary subsample; PAL = physical activity level.
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(n = 11, mean ± standard error of the mean [SEM] Baecke score: 9.7 ± 0.3), sedentary young adults
(n = 11, Baecke score: 6.7 ± 0.3), physically active older adults (n = 12, Baecke score: 9.3 ± 0.2) and sed-
entary older adults (n = 12, Baecke score: 6.9 ± 0.3). The study was approved by the Medical Ethics
Committee of the KU Leuven and was conducted in accordance with the 1964 Declaration of Helsinki.
Written informed consent was obtained from all participants prior to the experiment.
2.2. Apparatus
The apparatus was identical to the one used in several previous studies (e.g., Lavrysen, Elliott,
Buekers, Feys, & Helsen, 2007; Lavrysen et al., 2008; Lavrysen et al., 2012; Van Halewyck et al., in
press). As shown in Fig. 1, participants sat in a comfortable chair and wore an orthosis on the pre-
ferred, right forearm. The axis of the orthosis was aligned with the anatomical axis of the wrist joint
and positioned in a way that the hand could only move in the horizontal plane. A high-precision shaft
encoder with an accuracy of 0.006" and sampling frequency of 250 Hz was attached onto the orthosis.
Wrist angular position was presented as a 1.5 cm diameter circular cursor on a 60 cm computer mon-
itor, which was located at a standardized distance of 125 cm in front of the participant at eye level.
Apart from this cursor, two fixed, square targets also appeared on the monitor. These targets had a
width of 1 cm and stood 18 cm apart. In short, the task consisted of moving the cursor as fast and accu-
rate as possible from the right to the left target by making 15"wrist flexion movements after the onset
of a visual cue. As the target had to be entirely surrounded by the small cursor, the aiming movement
had an index of difficulty (ID) of 6.2 bits (ID = log2[2"18/(1.5!1)]). Wrist movements are commonly
used to study manual aiming because they have been shown to obey Fitts’ Law (Meyer, Abrams,
Kornblum, Wright, & Smith, 1988) and they are relatively unaffected by mechanical factors that could
mask active control processes (Khan & Franks, 2000). Exact instructions and different conditions are
further explained in the Task and Protocol section.
Point of gaze (PG) was recorded using an Applied Science Laboratories (ASL) 6000 pan-tilt eye-
tracker system (Bedford, MA) with an accuracy of 0.5". Prior to the experiment, a nine-point calibra-
tion was performed for every participant. During each aiming movement horizontal PG coordinates
were sampled at 240 Hz.
2.3. Task and protocol
The experiment started with an extensive familiarization phase during which the aiming task was
practiced. When a block of aiming movements started, participants were instructed to place the cursor
Fig. 1. Test set-up. Participants placed their right forearm into an orthosis while seated in front of a computer screen showing
two fixed square targets and a round cursor. Wrist flexion and extension movements moved a cursor towards the left or right of
the screen, respectively. Participants were asked to move the cursor from the right to the left target as soon as the right
(starting) target turned red. This trajectory corresponded to a 15" wrist flexion movement. Eye movements were recorded
concurrently using an Applied Science Laboratories (ASL) 6000 pan-tilt eye-tracker system that was positioned in front of the
computer screen.
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around the right (black) target. In order to prevent anticipatory saccades, participants were asked
repeatedly to fixate this starting position. As soon as the starting target turned red (GO-stimulus), they
were to aim as fast and accurately as possible towards the left target (ID = 6.2 bits), corresponding to a
15" wrist flexion movement. Once the left target was entirely surrounded by the cursor, participants
were asked to briefly close their eyes and head back to the right target to prepare for the next
GO-stimulus. This sequence was repeated ten times per block. The interval between two consecutive
GO-stimuli varied randomly between 6000, 6500, 7000, 7500 and 8000 ms to avoid movement
anticipation.
During the familiarization period, participants first performed three practice blocks with online
visual feedback of the cursor (VISION). Afterwards, the condition without visual feedback of the cursor
(NO VISION) was practiced: Participants were instructed to make the same aiming movement, yet
they were warned the cursor would disappear as soon as it left the starting target. In order to give
the participants knowledge of results, the cursor reappeared after 2500 ms, a period long enough
for all participants to complete the movement without visual feedback. Afterwards, participants were
instructed to head back immediately towards the starting position and wait for the next GO-stimulus.
Again, the block ended after ten aiming movements.
After three VISION and three NO VISION practice blocks, participants started the main experiment.
It consisted of five blocks of ten movements per visual condition, resulting in 100 aiming movements
per participant. In contrast to the familiarization phase, the order of the visual conditions was coun-
terbalanced in the main experiment. To prevent participants from memorizing the final end position
over blocks, the angular starting (and thus end) position of the wrist was regularly altered between
blocks. More specifically, the angular position of the wrist that corresponded to the cursor standing
on the starting target was slightly altered (some degrees more towards flexion or extension of the
wrist) before starting the fourth practice block, and the first and sixth experimental blocks. As the
amplitude of the requested wrist movement remained constant throughout the experiment, switching
the starting position of the movement also changed the desired final position.
2.4. Dependent variables
Prior to the calculation of the dependent variables, a first order low-pass Butterworth filter with a
cut-off frequency of 20 Hz was applied on both the hand- and eye-movement data (Lavrysen et al.,
2007; Lavrysen et al., 2008; Lavrysen et al., 2012; Van Halewyck et al., in press). The filtered data were
differentiated twice to obtain instantaneous velocity and acceleration profiles for hand and eye move-
ments. As both effectors were recorded at different sampling frequencies, data were then interpolated
in Matlab to get an accurate view on the temporal coupling between hand and eye movements.
2.4.1. Hand kinematic markers
A schematic overview of all hand kinematic markers is given in Fig. 2A. First, the highest values in
the acceleration and velocity profiles were respectively considered peak acceleration (PA) and peak
velocity (PV). Then, hand movement initiation and termination were defined as the first sample when
the standard deviation of the hand velocity profile was inferior to 0.75 mm/s for 80 ms from peak
velocity backwards and onwards, respectively (Van Halewyck et al., in press). Finally, the end of the
primary submovement was calculated using the criterion of Khan, Franks, and Goodman (1998). To
gain better insight in the temporal trajectory of the hand movement, the exact duration to reach
PA, PV and the end of the primary submovement was calculated relative to the overall movement
time. Spatially, the exact positions of all five kinematic markers were also calculated relative to the
distance between the start and end target (e.g., if the end of the primary submovement was reached
when the cursor was exactly halfway the targets, this would yield a value of 50.0%).
2.4.2. Number of hand corrections
To get a better understanding of the homing-in phase of the movement, the number of hand cor-
rections in the final movement stage was calculated. This variable was defined as the number of accel-
eration and deceleration pairs (two zero crossings) in the filtered acceleration profile between the end
of the primary submovement and the hand movement termination (Ketcham et al., 2002).
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2.4.3. Endpoint accuracy
Regarding endpoint accuracy, an aiming movement was considered a target hit if the left target
was completely surrounded by the cursor at the moment of hand movement termination. If the cursor
fell short or long, it was defined as a target undershoot or overshoot, respectively. Finally, the exact
unsigned distance between the middle of the cursor and the middle of the left target was calculated
for each aiming movement. This value represented the aiming error of the movement.
2.4.4. Eye kinematic markers
Parallel to the hand, a schematic overview of all eye kinematic markers is given in Fig. 2D. The pri-
mary saccade initiation was defined as the first sample after the GO-stimulus with the velocity profile
(A)
(B)
(C)
(D)
(E)
Fig. 2. Schematic overview of the dependent variables. Examples of a typical hand position (A), hand velocity (B) and hand
acceleration (C) profile are displayed on top. The following kinematic markers are displayed in Fig. 2A: (1) onset of the GO-
stimulus, (2) hand movement initiation, (3) the moment of peak acceleration, (4) the moment of peak velocity, (5) the end of the
primary submovement, and (6) hand movement termination. Reaction time of the hand was considered the difference between
the onset of the GO-stimulus and hand movement initiation. Movement time was seen as the difference between hand
movement initiation and termination. Defining the end of the primary submovement allowed us to divide the movement time
into a primary submovement and homing-in phase. The lower graphs display examples of eye position (D) and eye velocity (E)
profiles. The following kinematic markers are displayed in Fig. 2D: (1) onset of the GO-stimulus, primary saccade (2) initiation
and (3) termination, and corrective saccades (4) initiation and (5) termination. The time between the onset of the GO-stimulus
and the primary saccade initiation was considered the latency of the primary saccade. Identically to the hand, the movement
time of the primary and corrective saccades were determined by the time between their initiation and termination.
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of the eye superior to 30"/s for at least 50 ms (Pratt et al., 2006). The final sample after the primary
saccade initiation with the velocity profile of the eye still superior to this threshold was considered
the primary saccade termination. After a subsequent fixation of minimally 50 ms in which the 30"/s
threshold was not exceeded, an identical criterion was used to determine whether corrective saccades
occurred. The latency of the primary saccade was defined as the time between the onset of the GO-
stimulus and the primary saccade initiation. Primary and corrective saccades duration corresponded
to the time between their initiation and termination. In order to get a better understanding of the
eye–hand coordination, the timing of these kinematic markers was calculated relative to the hand
movement time for each aiming movement. Furthermore, the amplitude of the primary and corrective
saccades was calculated as the difference in horizontal PG coordinates between their initiation and
termination. To simplify the interpretation of these variables, they are reported as a percentage of
the distance between the targets.
2.4.5. Number of eye corrections
The number of corrective saccades was calculated by counting how often the velocity profile of the
eyes remained superior to 30"/s for at least 50 ms followed by a fixation (velocity profile of the eyes
remained inferior to 30"/s for at least 50 ms) between the end of the primary saccade and the hand
movement termination (Pratt et al., 2006).
2.5. Data analysis
A custom-written Matlab script was used to compute the means and standard deviations of all
abovementioned variables per block. First, two-way analyses of variance (ANOVA [AGE # PHYSICAL
ACTIVITY LEVEL]) were performed on the VISION condition data (see Table 2) and on the NO VISION
condition data (see Table 3) separately. As saccades were only considered meaningful in the VISION
condition, eye-movement data were excluded in the NO VISION condition analysis. Finally, the focus
was shifted towards the importance of visual feedback during manual aiming by comparing the
VISION condition hand data to the NO VISION condition hand data (see Table 4). This was done by per-
forming a three-way ANOVA (AGE # PHYSICAL ACTIVITY LEVEL # VISUAL CONDITION) on all hand
data. The significance level for all analyses was set at p < .05. Post-hoc tests (Tukey’s honestly signif-
icant differences) were conducted when appropriate.
3. Results and discussion
In line with our research questions, the results are presented in two separate sections. First, the
impact of age and physical activity level on hand- and eye-movement kinematics and coordination
in the VISION condition is discussed. An overview of all group scores and effects is provided in Table 2.
Second, the importance of visual feedback during discrete aiming, as can be derived from Tables 3 and
4, is briefly addressed. Bearing in mind the focus of the current study, only a selection of results is dis-
cussed in detail.
3.1. Research question 1: What is the impact of age and physical activity level on eye–hand coordination
during discrete manual aiming?
3.1.1. Impact of age
Consistent with previous studies, hand reaction (Kadota & Gomi, 2010; Porciatti, Fiorentini,
Morrone, & Burr, 1999; Poston et al., 2009) and movement (Coats & Wann, 2011; Rey-Robert,
Temprado, Lemaire, & Berton, 2012; Temprado et al., 2013) times increased with age (both
p < .0001). Older adults’ aiming movements were also less forceful and slower as can be derived from
the lower PA and PV values (both p < .05). In line with the literature, this resulted in primary submov-
ements undershooting the target to a greater extent compared to young adults (p < .0001; Ketcham
et al., 2002; Poston et al., 2009; Pratt et al., 1994). Related to this substantial undershoot, the relative
proportion of time older adults spent on the primary submovement was also lower (p < .0001). In
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other words, older adults spent a larger relative (and absolute) amount of time homing-in on the tar-
get (Boisseau et al., 2002; Pratt et al., 1994; Welsh et al., 2007), an outcome that may be directly asso-
ciated with their higher number of hand trajectory corrections (p < .005; Boisseau et al., 2002;
Ketcham et al., 2002; Lyons et al., 1996). Interestingly, despite these movement adaptations older
adults achieved lower accuracy levels than young adults as can be derived from the percentage of tar-
get hits (p < .005; see Fig. 3A). This notion is additionally supported by older adults’ greater aiming
errors (p < .0001), indicating they usually ended their movement further away from the middle of
the target than young adults.
In contrast to the hand, all eye kinematic markers were similar in young and older participants,
supporting the notion that the saccadic motor system is relatively unaffected by the aging process
(Kadota & Gomi, 2010; Pratt et al., 2006; Yang & Kapoula, 2006). Finally, all main effects of AGE regard-
ing eye–hand coordination were part of significant AGE # PHYSICAL ACTIVITY LEVEL interactions, and
consequently are discussed in Section 3.1.3.
3.1.2. Impact of physical activity level
A brief glance at Table 2 reveals that the impact of physical activity level was less distinct than the
impact of age. Only one main effect of PHYSICAL ACTIVITY LEVEL was not part of a significant
AGE # PHYSICAL ACTIVTY LEVEL interaction: Compared to their active counterparts, sedentary adults
tended to position the cursor slightly more towards the right at the start of the aiming movement
(p < .05). However, as all groups still obeyed the instruction to surround the right target at the start
of the movement, this effect was considered irrelevant. Again, all other significant effects are discussed
in Section 3.1.3.
3.1.3. Interaction effects of age and physical activity level
A closer look into the AGE # PHYSICAL ACTIVITY LEVEL interactions revealed that particularly
active young participants differed from the others. Post-hoc tests indicated they demonstrated shorter
hand movement times (p < .01; see Fig. 3B), more forceful and faster initial impulses (both p < .01; PA
and PV values depicted in Fig. 3C and D, respectively) resulting in relatively longer-ranged primary
submovements (p < .01; see Fig. 3E), whereas no significant differences were found between any other
groups. The high resemblance between the aiming movements of active and sedentary older adults
does not support the hypothesis that a physically active lifestyle can attenuate the typical age-related
movement adaptations in discrete manual aiming. This finding therefore seems inconsistent with pre-
vious research showing better performances in physically active older adults (Van Halewyck et al., in
press). Nevertheless, the different aiming paradigms used in the two studies could potentially explain
this inconsistency: the current experiment examined discrete aiming movements, whereas the previ-
ous experiment focused on cyclical aiming. According to Teeken and colleagues (1996), such a para-
digm shift may cause age effects to be expressed differently. The same may account for the
mediating effect of physical activity. Furthermore, the overall distribution in Baecke scores among
the older adults was slightly smaller in the current study compared to the previous one. This too could
explain why the differences between active and sedentary older adults emerged to a lesser extent in
this experiment.
In general, active young adults distinguished themselves from the other groups with respect to eye
movements and eye–hand coordination as well. For instance, post hoc tests revealed the primary sac-
cade latency of active young adults was shorter compared to their older and sedentary counterparts
(p < .01). On the other hand, sedentary young adults spent slightly less time on their primary saccades
compared to their active and older counterparts (p < .001), which makes sense as their initial saccade
tended to undershoot the target to a greater extent. Post-hoc tests concerning the amplitude of the
primary and corrective saccades failed to reach significance nonetheless (p > .10). Regarding eye–hand
coordination, sedentary young adults started their primary saccade relatively later during the hand
movement compared to both older adult groups (both p < .01). The notion that the hand started mov-
ing first may seem remarkable as primary saccades generally precede the hand movement (Helsen
et al., 1998). Since this outcome was observed consistently among groups, however, it may be due
to our specific instructions. As indicated in the Task and Protocol section, we repeatedly instructed par-
ticipants to fixate the starting target during practice blocks in order to prevent anticipatory saccades.
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Perhaps this instruction was repeated one too many times, thereby overemphasizing the initial fixa-
tion and unintentionally prolonging the eye-movement latency. Yet, more important is the saccadic
behavior later in the movement when visual feedback is processed to reduce the spatial discrepancy
between the cursor position and the end target. In this respect, active young adults started and ended
(A) (B)
(C) (D)
(E) (F)
Fig. 3. Research question 1: What is the impact of age and physical activity level on eye–hand coordination during discrete
manual aiming? Overview of group scores (mean ± SEM) on a selection of variables in the VISION condition. Note: Due to a lack
of a significant interaction in the percentage of target hits, a main effect of age is displayed in (A), whereas significant
interactions between age and physical activity level are depicted on all other graphs ([B]–[F]). Significant differences are
highlighted by ⁄(if p < .05) or ⁄⁄⁄(if p < .01).
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their corrective saccades relatively later in the hand movement time than the other three groups
(p < .01; end of corrective saccades displayed in Fig. 3F). Considering their shorter hand movement
times, the latter clearly shows that active young adults used the least amount of time to make hand
corrections after the gaze had reached its final position. In absolute numbers, active young adults
needed less than 200 ms on average to eliminate the spatial discrepancy between the cursor and
target based on their final fixation, whereas this time period covered at least 375 ms in the other
groups.
These outcomes seem consistent with the theory of an increased reliance on visual feedback during
aiming in old age, and even imply it may be extended to a sedentary lifestyle as well. However, if this
were the case, the aiming performance of older and sedentary young participants should be affected
more by the withdrawal of vision. If withdrawing vision does not disturb older and sedentary young
adults’ aiming movement to a greater extent, other factors might be in play. Before further interpret-
ing the results concerning eye–hand coordination, we therefore first shed some light on the impor-
tance of visual feedback on manual aiming performance.
3.2. Research question 2: Are older adults more reliant on visual feedback during discrete manual aiming?
For the sake of completeness, Table 3 summarizes all results of the NO VISION condition in a similar
fashion as Table 2 does for the VISION condition. Finally, a comparison between both visual conditions
is provided in Table 4. With respect to the current study’s goal, we have limited our discussion to the
results considered relevant to our research question.
As expected, withdrawing visual feedback had a clear impact on endpoint accuracy in general: The
overall percentage of target hits dropped by more than 60% and the mean aiming error increased over
sevenfold (both p < .0001). Interestingly, the removal of vision did not impact young and older adults’
distribution of target undershoots, hits or overshoots differently (both p > .05; see Table 4). This seems
to imply that older adults are not more reliant on visual information during manual aiming1. In fact,
just as in Chaput and Proteau’s original study (1996b), the removal of visual feedback increased the aim-
ing error significantly more in the young (p < .05), suggesting they rather than older adults were more
reliant on vision. Though the NO VISION condition did not generate any age-related aiming error differ-
ences (p > .05; see Table 3 and Fig. 4A) and this effect was mainly caused by young participants achieving
lower aiming errors in the VISION condition, it still signals a greater advantage of vision in young adults.
As stated by Seidler-Dobrin and Stelmach (1998), the young may enjoy more efficient visual feedback
processing, clarifying why they perform better when vision is available but are not disadvantaged when
it is removed. Still, this outcome seems to contradict the findings of both Chaput and Proteau’s follow-up
study (1996a) and Coats and Wann’s more recent work (2011), both claiming the elimination of vision
affected their older participants to a greater extent. Nonetheless, there seems to be an important differ-
ence between the current investigation and the two others: our older participants exhibited longer
movement times than the young adults in the NO VISION condition (p < .005; see Fig. 4B, white bars),
whereas movement times were equal between young and older adults in both other studies. Without
vision, participants can only rely on proprioceptive feedback to minimize the spatial discrepancy
between the cursor and target. As stated earlier, proprioceptive acuity is known to deteriorate with
age in challenging conditions (Boisgontier et al., 2012). By taking more time than young adults,
1 To investigate age-related differences in the reliance on limb-target control in general, an additional coefficient of determination
(R2) analysis was performed (Heath, 2005; Khan et al., 2006; Messier & Kalaska, 1999). In short, this regression technique allows to
assess the proportion of movement endpoint variability that can be explained by the limb position at different kinematic markers.
The rationale behind this technique is the following: If aiming movements are purely based on planning processes, one should be
able to accurately predict the movement endpoint based on (early) kinematic marker positions, as no limb-target control occurs
late in the movement. On the other hand, if aiming movements are strongly modified based on limb-target control, movement
endpoints are more difficult to predict from (early) kinematic marker positions. Results of the VISION condition showed that less
than 2% of the movement endpoint variance could be explained by the positions of the different kinematic markers (all R2 < .02). In
the NO VISION condition, this proportion did not exceed 6% for any kinematic marker (all R2 < .06). These results imply that both
age groups strongly relied on limb-target control, even when visual feedback was withdrawn. Finally, as no age-related R2
differences were observed in either condition, this additional analysis confirms the outcome that older adults are not more
dependent on limb-target control.
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older adults may have reduced the imposed time-pressure deliberately, thereby making the aiming
movements less challenging and possibly countering the age-related decline in proprioception
(Boisgontier & Nougier, 2013). This suggestion is additionally supported by the finding that only the
older participants increased their number of hand trajectory corrections when vision was withdrawn
(p < .05; see Table 4; Seidler-Dobrin & Stelmach, 1998).
Finally, it should be noted that active and sedentary adults were also similarly affected by the with-
drawal of vision, as no significant PHYSICAL ACTIVITY LEVEL # VISUAL CONDITION interactions
regarding accuracy parameters were observed (all p > .10; see Table 4).
3.3. General discussion
The focus of the current study was twofold. In short, the first analysis determined the impact of age
and physical activity level on hand- and eye-movement kinematics and coordination during discrete
manual aiming (VISION condition, see Table 2). Secondly, by withdrawing visual feedback (NO VISION
condition, see Table 3) and comparing these results with the VISION condition (see Table 4), we inves-
tigated whether older adults were more reliant on visual information during the execution of discrete
aiming tasks.
Results of the first analysis are largely in line with the available literature on aiming and aging.
Older adults produced slower and less forceful primary submovements that undershot the target to
a greater extent. This resulted in longer homing-in phases, and consequently greater movement times.
Yet, there are also several new findings that extend the limited knowledge base on the impact of phys-
ical activity level on manual aiming and the temporal coupling between eye and hand movements in
old age. Despite the fact that the division of active and sedentary young adults was only based on a
generic level (Baecke questionnaire), clear movement differences emerged between groups. Specifi-
cally, active young adults made efficient primary submovements characterized by a forceful yet con-
trolled impulse over a long range, whereas the primary submovements of sedentary young adults
strongly resembled those of older adults. Besides this effect of physical activity level in young adults,
one of the most remarkable outcomes of the first analysis is undoubtly the finding that older and sed-
entary young adults spend a greater amount of hand movement time after the final fixation of the
eyes. At first glance, this seems to suggest they tend towards an increased reliance on limb-target con-
trol in general – and late visual feedback in particular. If this were the case, however, one could expect
more detrimental effects of removing vision in older and sedentary young adults. The second and third
analyses nevertheless showed that the aiming accuracy of older (and sedentary young) adults was not
affected to a greater extent when vision of the cursor was withdrawn. When considering all three
Fig. 4. Research question 2: Are older adults more reliant on visual feedback during discrete manual aiming? Overview of the
impact of the visual conditions on the aiming error (A), and the movement time (B) in both young and older adults. Group scores
are presented as mean ± SEM. Significant differences are highlighted by ⁄(if p < .05) or ⁄⁄⁄(if p < .01).
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analyses, movement alterations in older and sedentary young adults such as slowing down the
primary submovement and spending more time homing-in on the target may thus be caused by other
factors than an augmented reliance on limb-target control. We suggest three possibilities.
First, spending a greater proportion of time in the homing-in phase of the movement may repre-
sent a decreased efficiency in the processing of online feedback. Though the literature lacks a direct com-
parison of physically active and sedentary young adults, many researchers have already acknowledged
a decreased processing speed could be a key factor in explaining age-related motor slowing (Chaput &
Proteau, 1996a; Rand & Stelmach, 2012; Temprado et al., 2013). More specifically, increased levels of
neural noise have been hypothesized to underlie motor slowing by perturbating the signal transmis-
sion of the central nervous system (Rey-Robert et al., 2012). Regarding the specific sources of feedback,
Chaput and Proteau (1996a) stated that aging may be associated with a slower processing of visual
information. In this context, the speed of afferent visual signals and intra-cortical visual processes
are thought to be slowed down in older adults by a gradual loss of myelin (Porciatti et al., 1999). Fur-
thermore, the previously described degeneration in proprioceptive acuity and position sense in chal-
lenging conditions (Boisgontier et al., 2012; Wright et al., 2011) may additionally impede accurate
feedback processing in older adults (Rand & Stelmach, 2012).
Second, the observed movement alterations may also be a direct consequence of deteriorated motor
planning capacities in older and sedentary young adults. This hypothesis is based on previous studies
reporting increased spatial and temporal variability in older adults’ movement trajectories (Christou &
Carlton, 2001; Ketcham et al., 2002; Pratt et al., 1994; Yan et al., 1998). In line with the results of
Galganski, Fuglevand, and Enoka (1993), an age-related decline in the ability to tune muscular forces
may result in an increased endpoint variability of the primary submovement when older adults move
at similar speeds as young controls. Taking into account that the endpoint variability of primary sub-
movements within participants relates in a linear fashion with movement velocity (Elliott et al., 2010),
older adults may slow down their primary submovements in order to keep variability low and prevent
the high energy-cost associated with a target overshoot. As a result, they undershoot the target on
average to a greater extent, thereby increasing the distance to be traveled during the homing-in phase.
Needless to say, traveling a larger distance in the final movement phase requires a prolonged time per-
iod spent homing-in on the target. A similar mechanism could explain our observations in sedentary
adults as well, as they too demonstrated slower and shorter-ranged primary submovements, and
spent more absolute time in the final movement stage than their active counterparts.
Finally, instead of a physical decline, considerably undershooting the target and consequently
spending more time during the homing-in phase could also represent a play-it-safe strategy adopted
by older adults. In many daily-life aiming and reaching situations, there are safety advantages associ-
ated with undershooting the target (e.g., when reaching for a pot of boiling water). According to
Boisseau et al. (2002), older adults tend to be more cautious than young adults during motor behavior,
which might explain why they usually undershoot the target to a greater extent (Elliott et al., 2010;
Welsh et al., 2007). In this case, spending more time homing-in on the target would not necessarily
indicate an augmented reliance on limb-target control, but rather arise from an increased prudence
in older adults. From this point of view, one would nonetheless expect an aging effect on the amount
of target overshoots, which was not found in the current study. Furthermore, the hypothesis does not
explain why similar movement adaptations were detected in sedentary young adults, since there is no
evidence they act more cautiously than their physically active counterparts.
To specifically determine which of these three factors is/are the underlying mechanism(s) for the
observed movement alterations in older and sedentary young participants, future research should
attempt to isolate these factors and investigate the specific effects of both age and physical activity.
A final, general recommendation for studies on manual aiming and visual control of voluntary move-
ment is to take into account participants’ age and physical activity level, as both variables do seem to
have a clear impact on eye–hand coordination.
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